ABSTRACT Adult stem cells in mammals are important for normal tissue renewal (homeostasis) and regeneration after injury. In the past ten years, different types of homeostatic adult stem cells have also been identified in the genetically accessible fruit fly (Drosophila melanogaster), among which intestinal stem cells have taken centre stage. Recent studies provide evidence that adult fly tissues may also harbor quiescent stem cells, which can enter cell cycle upon injury to regenerate compromised tissue. Such damage-responsive stem cells have been described in flight muscles, the adult brain and in a narrow region of the fly hindgut. Strikingly, many mammalian tissues have also been shown to maintain quiescent, but regeneration-competent, stem cells. However, little is known about the injury-induced signals that lead to their activation. Here, we provide a brief overview of active and damage-responsive adult stem cells in the fruit fly and focus on injurydependent signalling events. We highlight the potential of Drosophila to model damage-induced stem cell activation to deepen our molecular understanding of how dormant stem cells can be efficiently recruited for tissue repair after injury.
Introduction
Mammals, including humans, have a limited regenerative capacity, but display two critical mechanisms which allow them to preserve tissue morphology and functionality after development has ceased: 1. Physiological cell turnover, which takes place as a daily routine (e.g. renewal of intestinal lining) and 2. tissue regeneration, occurring in response to external insults that cause tissue damage. How animals cope with damage to restore tissue integrity varies across the animal kingdom and can even differ among tissues within the same species. The main strategies involve tissue rearrangement, de-or trans-differentiation of committed cells close to the injury site or -as discussed here -the activation of stem/ progenitor cells (Sánchez Alvarado and Tsonis, 2006; Poss, 2010) .
Physiological turnover, along with well-understood blood regeneration in humans, critically depends on adult stem cells, which are undifferentiated, long-lived cells embedded in most tissues (Raff, 2003; Fuchs and Chen, 2013) . In general, stem cell divisions lead to the generation of one daughter cell that maintains stem cell fate (self-renewal), while the other daughter cell proceeds through differentiation. Thanks to the application of better lineage tracing tools and improved stem cell markers, there is increasing evidence in rodents that numerous tissues contain both actively cycling and quiescent (non-dividing) stem cells (Visvader and Clevers, 2016) . The experimental data suggests that constitutively active (also called "professional") stem cells are responsible for normal tissue turnover, while pools of quiescent stem cells, embedded in different locations, are exclusively mobilized upon injury. Such regenerationcompetent "reserve" stem cells have been described in the blood, the skin, the stomach and recently also the intestine of rodents (Ito et al., 2005; Wilson et al., 2008; Tian et al., 2011; Lu et al., 2012; Yan et al., 2012; Leushacke et al., 2017; Suh et al., 2017) . Insight into how damage-responsive stem cells are maintained inactive and called into action upon tissue damage is of broad relevance to understand their regenerative properties, but also their potential susceptibility to contribute to cancer formation in case of failing control mechanisms (Leushacke et al., 2017) .
Comparative analyses, aimed at understanding differences between quiescent and active stem cells, have revealed that inactive stem cells are characterized by a low metabolic state and high resistance to stress (hypoxia). Quiescent hematopoietic stem cells (HSCs), for example, express high levels of hypoxia inducible factor 1a (HIFa). In the absence of HIFa, HSCs exit quiescence and are depleted over time (Takubo et al., 2011) , demonstrating that high HIFa levels are important to maintain quiescence. The non-dividing state of stem cells is also actively enforced by the expression of cell cycle inhibitors (Cheng et al., 2000; Suh et al., 2017) and their chromatin is generally kept in a flexible conformation to allow different lineage choices once activated (Cheung and Rando, 2013) . In vivo, the presence of inactive stem cells is experimentally detectable based on long-term retention of DNA labels in contrast to cycling stem cells. Apart from these features, we still understand little about the injury-dependent molecular mechanisms that drive dormant stem cells into a regenerative mode.
The fruit fly Drosophila melanogaster has proven an excellent model organism to study tissue regeneration and stem cell control. Because of its short life cycle, a non-redundant genome and the availability of numerous sophisticated genetic tools, Drosophila is ideal to perform rapid in vivo screens (RNAi or mutagenesis) to identify key genes involved in complex processes and manipulate their function in a tissue-specific manner. Research on regeneration in wing imaginal discs (developing epithelia) has led to the identification of key injury signals (e.g. reactive oxygen species), stress signalling modules (JNK/p38/Unpaired) and ultimately pathways involved in regenerative growth (Wg/Wnt, Myc, JAK-STAT) (Bosch et al., 2005; Smith-Bolton et al., 2009; Santabárbara-Ruiz et al., 2015; Fogarty et al., 2016) .
In the adult fly, tissue regeneration has been mainly studied in the context of intestinal repair based on stem cells, as discussed in the next section. However, adult fly tissues are also equipped with alternative mechanisms to compensate for tissue loss independent of stem cells. Remarkably, cell ablation in follicular tissues in the fly ovary (Tamori and Deng, 2013) or the epidermis (Losick et al., 2013) induces post-mitotic cells close to the injury to re-enter the endocycle, which leads to an increase in cell size that compensates for lost cell mass. This process, termed compensatory cellular hypertrophy (Tamori and Deng, 2013) , represents an evolutionarily conserved strategy to maintain tissue homeostasis in the absence of cell divisions (Losick et al., 2016) .
Overall, somatic tissues in the adult fly have long been viewed as postmitotic and relatively stable. This traditional view has strongly changed with the identification of adult somatic stem cells, mainly the versatile intestinal stem cells. Recent studies in Drosophila have also identified quiescent progenitor cells in several tissues, which participate in tissue regeneration after injury. Here, we evaluate in detail the current findings on these newly discovered damageresponsive progenitors and highlight the possibility to study the molecular underpinnings of damage-induced stem cell activation in Drosophila.
Somatic stem cells in Drosophila
Although this review focuses on somatic stem cells in Drosophila, we will start with a paragraph on cycling germline stem cells, which have been instrumental to uncover conserved principles of stem cell proliferation in the context of a niche (Greenspan et al., 2015; Fuller and Spradling, 2007) . In adult female flies, 2-3 ovary germline stem cells (OGSCs) can be found at the tip of each ovariole in the ovary (Fig. 1) . OGSCs are constantly dividing within a well-defined niche, which provides stemness factors and anchoring molecules (Fuller and Spradling, 2007) . OGSCs dividing asymmetrically yield a daughter cell that maintains interaction with the niche (self-renewal), whereas the other daughter cell, which is displaced away from the niche, initiates a differentiation program. Stem cells are normally replaced by symmetric division of other OGSCs, but differentiated progeny is also able to de-differentiate and revert to OGSCs if all germline stem cells are lost (Kai and Spradling, 2004) .
Homeostatic stem cells
Adult fly tissues contain several cycling epithelial stem cells including follicular stem cells (female germline), cyst stem cells (male germline), gastric stem cells, intestinal stem cells and renal stem cells. We will briefly discuss all these "homeostatic" stem cell types, however, only intestinal stem cells have been extensively studied with regards to proliferative control, both under resting and stress conditions.
Intestinal stem cells (ISCs) are not located in a fixed niche, but rather distributed throughout the fly midgut ( Fig. 1) , which is similar to the small intestine in mammals. The midgut contains approximately 800-1000 ISCs that divide regularly to renew nutrient absorbing enterocytes or hormone producing enteroendocrine cells. Lineage tracing experiments have shown that ISC activity leads to renewal of the midgut tissue within two weeks, although turnover is lower in males and young flies (Hudry et al., 2016) . Since the discovery of ISCs in 2006 (Ohlstein and Spradling, 2006; Micchelli and Perrimon, 2006) , a detailed understanding of how positive and negative feed-back loops coordinate enterocyte turnover and ISC proliferation has been gained. ISCs have also been extensively studied in the context of intestinal damage. Homeostatic ISC proliferation is regulated by various positive and negative feed-back loops via signals emanating from enterocytes, visceral muscles, trachea and hemocytes, which serve to coordinate turnover of differentiated cells with ISC cycling.
A detailed review of pathways regulating ISC divisions can be found elsewhere (Naszai et al., 2015; Guo et al., 2016) . Here, we will only highlight selected studies, which have revealed injuryinduced activation of key signalling pathways that are required for regeneration.
Initial studies established that damage to the midgut -induced by chemicals or bacterial infection -triggers JNK stress signalling and results in cytokine secretion (Unpaired/IL6 ligands) from affected enterocytes. Released Unpaired ligands diffuse and bind to Dome/IL-6-like receptors present on ISCs leading to activation of JAK/STAT signalling (Biteau et al., 2008; Jiang et al., 2009) . The induction of JAK/STAT in ISCs promotes their rapid proliferation. A recent study by the Perrimon lab showed that reactive oxygen species (ROS), which specifically rise in zone of tissue damage or infection and are known to trigger regeneration (Lee et al., 2013; Hochmuth et al., 2011) , can activate newly identified redox-sensitive cation channels on ISCs resulting in calcium influx (Xu et al., 2017) . Ras/MAPK and EGFR signaling were identified as most relevant pathways to mediate ISC division downstream of increased cytosolic calcium based on RNAi of a set of candidate genes (Xu et al., 2017) .
Moreover, elevated levels of Wg/Wnt signalling in ISCs play an important role in midgut regeneration. In 2012, Cordero et al., showed that injury leads to secretion of Wg from enteroblasts and that this inducible source of Wg represents an essential injury signal to drive accelerated ISC proliferation (Cordero et al., 2012) . Subsequent RNAseq analyses of sorted intestinal cells by the Edgar and Buchon labs confirmed the damage-induced upregulation of Wg transcripts in enteroblasts (Dutta et al., 2015) . Genetic blockage of either Wg signalling or the downstream induction of dMyc prevented injuryinduced proliferation of ISCs (Cordero et al., 2012) . Interestingly, Wg-signaling also plays a crucial role in damage-responsive ISCs in the mouse intestine (Suh et al., 2017) . This recent study describes how intestinal damage by irradiation (IR) leads to HIF-dependent induction of specific Wnt genes that carry multiple hypoxia response elements. The authors show that the resulting Wg pathway activity in ISCs is required for their activation since knock-out of b-catenin in ISCs abrogates their IR-induced exit of quiescence.
Besides the role of secreted factors, cell adhesion molecules have also emerged as dynamic regulators of the regenerative response in ISCs. When looking carefully at the morphology of dividing ISCs after injury, Zhai and colleagues observed that stem and daughter cells formed an extensive cellular interface after division, while dividing stem cells under physiological conditions showed little contact of cell membranes (Zhai et al., 2017) . Further analyses based on sequence data confirmed that this tight apposition of stem and daughter cell was dependent on injury-induced upregulation of adhesion molecules such as E-cadherin, b-catenin and Connectin, which promotes an extensive signalling interface between Delta ligands on ISCs and Notch receptors on the daughter cell. The resulting boost of Notch signalling allows daughter cells to sprint through differentiation to rapidly supply the midgut with new enterocytes (Zhai et al., 2017) . Although we limit our discussion to the regenerative context, it is important to note that most of the above-described pathways have also been found to play a role in homeostatic ISC proliferation, but the signalling levels or ligand sources required may differ.
The foregut is located anteriorly to the midgut and consists of the esophagus, crop and cardia (Fig. 1) . The crop serves to store food and the cardia acts as a gastric valve, which regulates food passage to the crop and the anterior midgut. In 2011, Hou and colleagues identified multipotent progenitors, termed gastric stem cells (GSSCs), in the area of the cardia at the foregut/midgut junction (Singh et al., 2011) . Using lineage-tracing methods, Singh et al., demonstrated that dividing Wg-expressing GSSCs give rise to differentiated cells in the crop, esophagus and the anterior midgut, where they are likely to replace cells undergoing apoptosis. Moreover, overexpression and loss-of-function experiments suggest that Wg signaling is essential for GSSCs maintenance and self-renewal, whereas JAK-STAT activity promotes proliferation and the Hedgehog pathway ensures differentiation of gastric stem cells (Singh et al., 2011) . The precise cellular sources of ligands still remain to be shown since the majority of genetic manipulations were conducted with ubiquitous drivers.
Homeostatic stem cells have also been described in the Malpi- ghian tubules (MTs) (Singh et al., 2007) (Fig. 1) . Similarly to human kidneys, the MTs in the fly serve to eliminate waste products. They are composed of a long anterior and a short posterior pair of tubules, which converge through common ureters onto the posterior midgut. Lineage tracing experiments conducted by Singh and co-workers suggest that the lower tubules and ureters harbour multi-potent renal stem cells (RNSCs) (Fig. 1) , which are actively dividing and stain positive for the mitotic marker Phospho-Histone 3 (PH3). The progeny of RNSCs differentiate into either new cation/solutes-transporting type-I or water/chloride-transporting type-II MT cells, thereby renewing most MT tissue within 10 days. RNSCs, similar to ISCs and GSSCs, are small diploid cells. They are scattered throughout the tissue and their self-renewal appears to be regulated via autocrine JAK/STAT signalling (Singh et al., 2007) . The function of RNSCs in stress-induced regeneration has not yet been addressed and represents a topic of ongoing research.
Fig. 2. Injury-induced proliferation of quiescent progenitors. Schematic representation of progeny derived from damage-responsive stem cells in muscle (A), hindgut (B) and optic lobes of the brain (C). (A) Damage to the dorso-ventral flight muscle leads to induction of Delta ligands on multinucleated muscle fibres and activates proliferation of underlying quiescent muscle stem cells, which will give rise to fusion-competent myoblasts. (B) Hindgut injury triggers division of putative hindgut stem cells (hindgut progenitors) and the generation of new cells in the pylorus. (C) Traumatic injury to the optic lobe leads to local activation of JNK and the upregulation of Drosophila Myc (dMyc) in adult neural progenitor cells, which drives division.
Besides highly proliferative germline stem cells (GSCs), the germline additionally contains somatic (epithelial) stem cells. The follicular epithelium of the ovary is maintained by follicular stem cells (FSCs) (Fig. 1) . FSCs constantly divide to generate polar cells, stalk cells and main body cells that wrap developing follicles (Nystul and Spradling, 2007) . There are two FCSs per ovariole, which divide approximately every 10h (Margolis and Spradling, 1995; Nystul and Spradling, 2007) . Their proliferation rate is coordinated with the cycling of ovary GSCs at the ovariole tip (Fig. 1) . FCSs are anchored to the basement membrane and have contact with neighboring escort cells (Nystul and Spradling, 2010) , which may provide niche signals. Analogous to FCSs, cyst stem cells in the male germline continually proliferate to produce ensheathing cells for cysts, which subsequently develop into sperm cells (Gonczy and DiNardo, 1996; Amoyel et al., 2013) .
Damage-responsive quiescent stem cells
In contrast to dividing stem cells, there is also experimental support for the existence of quiescent progenitors in various adult fly tissues. These inactive stem cells do not divide (or only minimally) in resting/homeostatic conditions, but switch to a proliferative mode upon tissue damage.
Mammalian muscle stem cells (MSCs), the satellite cells, represent a clear-cut example of quiescent, damage-responsive stem cells, which can remain dormant for years and only become mitotic when muscle fibres are lesioned (Brack and Rando 2012 and colleagues closely examined the anatomy of the dorso-ventral muscle (DVM), an indirect flight muscle (Fig. 1) . In close association with the DVM, they found small, unfused cells at the surface of multi-nucleated muscle cells, which were surrounded by the basal lamina of the muscle fibre (Chaturvedi et al., 2017) (Fig. 2) . The DVM muscle is known to form by de novo fusion of myoblasts in pupal stages (Gunage et al., 2014) , whereas other muscles in the fly are assembled differently. Chaturvedi et al., went on to show that the unfused non-dividing cells are lineal descendants of previously identified adult muscle progenitor cells (AMPs) (Dhanyasi et al., 2015) , which still express the zinc finger transcription factor Zfh1, in contrast to adult muscle fibres (Chaturvedi et al., 2017) . Stab lesions of the DVM efficiently triggered proliferation of Zfh1-positive cells, which resulted in the generation of fusion-competent myoblasts for muscle regeneration, as revealed by G-trace labelling (Chaturverdi et al., 2017) . Based on morphology and function, the unfused Zhf1-expressing cells in the DVM muscle represent the equivalent of mammalian satellite cells in Drosophila. These findings highlight a case of astonishing similarity between damage-responsive satellite cells in flies and vertebrates.
How are satellite cells activated in response to injury? Chaturvedi and colleagues found that mechanical damage triggers 1. the massive upregulation of Delta ligands on injured muscle fibres and 2. leads to the induction of Neuralized, an E3 ubiquitin ligase, which positively regulates Notch signalling (Lai et al., 2001) (Fig. 2) . The injury-induced Delta expression on muscle cells is crucial to trigger proliferation of underlying satellite cells expressing Notch since knock-down of Delta in adult muscle strongly suppresses mitotic activity of MSCs (Chaturverdi et al., 2017) .
Previously, in 2009, Fox and Spradling provided evidence suggesting that the adult hindgut may harbour putative damage-responsive stem cells (Fig. 1) . The hindgut consists of the pylorus, which functions as a valve, the ileum and the rectum. Although an initial study described the presence of cycling stem cells at the midgut/hindgut border (Takashima et al., 2008) , re-examination with improved linage tracing tools and BrdU incorporation experiments uncovered that there is little proliferation and no homeostatic cell turnover in the unstressed adult hindgut (Fox and Spradling, 2009 ). However, Fox and Spradling showed that Wg-positive cells within the anterior pylorus can divide following tissue injury caused by induction of proapoptotic genes or chemicals. Upon damage, BrdU incorporation was first observed within a stripe of Wg-expressing cells at the anterior end, followed by cells further downstream in the pylorus. Based on these findings, the Wg-rich zone in the pylorus has been proposed to contain damage-responsive hindgut progenitor cells (HGPs) (Figs.  1 and 2 ). The Hedgehog pathway was also suggested to play a role in differentiation of HGPs, although these initial experiments have to be revisited using alternative tracing methods (Takashima et al., 2008) . The damage-induced proliferation in the hindgut may also represent the result of cell dedifferentiation in this region, followed by cell division. The identification of more specific markers might shed more light on the possible stem cell nature of cells in the pylorus.
Another enigmatic, largely quiescent progenitor type has been recently detected in the optic lobes of the adult fly brain (Fernández-Hernández et al., 2013) (Fig. 1) . In Drosophila, a deep understanding of neural stem cell proliferation has been gained by studying the proliferation and differentiation of different types of neuroblasts, which generate the high diversity of nerve cells in the course of nervous system development (Homem et al., 2015; Kang and Reichert, 2015; Doe, 2017) . The adult Drosophila brain, in turn, was believed to lack neurogenic activity compared to apparent neurogenesis in central brain regions of other insects (Simões and Rhiner, 2017) . Only the combination of brain injury (stab lesions) and highly sensitive mitotic-dependent lineage tracing resulted in a clearly observable proliferative response in the optic lobes of the adult brain (Fernández-Hernández et al., 2013) . Further analyses revealed that the regenerated tissue after injury consisted mainly of newly formed neurons. These adult-born neurons do not derive from dedifferentiation of glial cells, but rather from neuroblast-like adult progenitors (NPs) scattered throughout the optic lobes. As key features, NPs contain a large nucleus and show expression of the Zn-finger transcription factor Deadpan (Dpn) (Bier et al., 1992) , a marker of larval neuroblasts. Dpn belongs to a family of transcription factors similar to human HES-1. In larval neuroblasts, Dpn has been shown to bind to promoter regions of cyclin E (Southall and Brand, 2009), which is important for cell cycle regulation. Mechanical injury of optic lobes leads to rapid and local induction of JNK stress signalling in neurons and glia close to the stab lesion (Moreno et al., 2015) and the upregulation of dMyc in NPs (Fernández-Hernández et al., 2013) (Fig. 2) . In fact, a short pulse of dMyc overexpression can provoke NP expansion even in the absence of injury (Fernández-Hernández et al., 2013) .
Although neuroblasts give rise to both glia and neurons during development, adult NPs appear to form only neurons following injury. The newly generated nerve cells have been monitored for up to several weeks after injury. They show very robust survival and send out long axonal processes to correct target areas, indicating appropriate maturation (Moreno et al., 2015; Fernández-Hernández et al., 2013) . In order to further characterize the regenerative neurogenesis, it will be important to study if adult-born neurons gain functionality and to what extent they may contribute to possible recovery of brain functions after injury in the fly. The latter will strongly depend on the development of tools to specifically suppress regenerative neurogenesis and the set-up of sophisticated behavioural assays. In the absence of acute brain damage, NPs have also been found to contribute to low-level adult neurogenesis in the optic lobes (Fernández-Hernández et al., 2013) , the significance of which is not understood. Regenerative neurogenesis has so far only been observed in the optic lobes. If damage-responsive progenitors are also functional in the central brain remains to be explored. Future work may also clarify if injury-induced cytokines or morphogens play a role in neural progenitor activation. RNAi screening approaches should allow the identification of key regulators of damage-induced NP activation and may potentially uncover mechanisms that may be important to boost efficient regenerative neurogenesis in humans with limited regenerative capacity in the brain.
The inducible proliferation of the above-described quiescent progenitors is reminiscent of damage-responsive reserve stem cells described in mammals (Visvader et al., 2016) . Although the maintenance of inactive stem cells is associated with an energetic cost, they seem to provide an evolutionarily successful safeguard mechanism to protect organismal integrity.
Conclusions
The recent discovery of somatic stem cells in adult tissues of Drosophila melanogaster has paved the way to not only delve into homeostatic stem cell regulation, but also damage-induced proliferation. However, we still lack a detailed understanding of how damage cues influence stem cell regulation and if injury-induced signals can trigger regeneration via mechanisms that are distinct from reactivation or enforcement of developmental or homeostatic processes. Studies in mammals provide evidence that mechanisms driving stem cell proliferation upon injury may at least be partially distinct from those controlling tissue homeostasis (Cai et al., 2010) , a notion that has also emerged from the above-discussed fly studies.
Improved lineage tracing tools and the increasing interest in stem cell biology have successfully led to the identification of numerous adult somatic stem cells in Drosophila. The advanced genetic toolbox and the ease of genetic analyses in the fruit fly should provide key advantages to deepen our molecular understanding of how quiescent damage-responsive progenitors can be activated and instructed for efficient repair.
